A deeper understanding of the chemistry and physics of growth, aggregation and gelation 8 processes involved in the formation of xerogels is key to providing greater control of the 9 porous characteristics of such materials, increasing the range of applications for which they 10 may be utilised. Time-resolved dynamic light scattering has been used to study the formation 11 of resorcinol-formaldehyde gels in the presence of combinations of Group I (Na and Cs) and 12
Introduction
Porous materials are often used in applications such as catalyst supports, 1 gas storage, 2 24 separations 3 and fuel cells. 4 The internal structure of these materials needs to be finely 25 controlled, to give the pore sizes and connectivity required for the particular application. 26
Porous materials can be made through a sol-gel route, where chemical reactions, such as 27 polymerization, and physical processes, such as aggregation, occur simultaneously, resulting 28 in the formation of a porous, solid network. The complexity of these competing chemical and 29 physical processes means that the current understanding of the gel structure formation is 30 limited and, therefore, fine tuning the textural properties of these porous materials remains a 31 challenge. One promising type of sol-gel based porous material is based on resorcinol-32 formaldehyde (RF) gels. This paper provides novel insight into the formation of these gels, 33
with the aim of providing improved understanding and tailoring of the porous characteristics 34 towards particular applications. 35
The sol-gel polycondensation of resorcinol and formaldehyde, in the presence of sodium 36 carbonate (Na 2 CO 3 ) acting as a base was first published in 1989, 5 showing the production of 37 a solid 3D network with water entrained within the porous system. Exchange of the water for 38 acetone, followed by drying with supercritical carbon dioxide, resulted in a dried gel with 39 very low density, large surface area and high pore volume. Subsequent pyrolysis in an inert 40 atmosphere rendered the material electrically conductive, through the measured removal of 41 non-carbon species. This transformation allowed for the use of these carbon materials in 42 applications such as fuel cells, 6 where a conductive material with controlled porosity is 43 required. 44
The mechanism subsequently proposed for the sol-gel synthesis involved two main stages. 7 
45
Firstly, the base promotes the reaction between resorcinol and formaldehyde to produceintermediates then undergo polycondensation into growing oligomers, which form clusters 48 that, through cross-linking, make up the gel structure. Detailed examination of this 49 mechanism has resulted in the development of a cluster growth model, wherein the size of the 50 clusters is thermodynamically controlled, while the kinetics of the reaction determines the 51 number concentration of clusters that form. 8 The sol-gel process is highly adaptable, allowing 52 a number of process variables to be altered; including the molar ratio of resorcinol to 53 formaldehyde, the total solids content, also known as dilution, or the type and quantity of 54 base used. 9, 10 55 While the base of choice in the formation of RF gels is typically Na 2 CO 3 , 9 many other 56 reaction promoting media, both acidic and basic, have been utilized. While acids are less 57 common than bases, both mineral, e.g. nitric acid, 11 and organic acids, such as acetic acid, 12 58 have seen use. More common are alternative bases, making use of lithium and potassium 59 cations or hydroxide anions in place of the typical sodium and carbonate. 13, 14 Carbonates of 60 the Group II metals have also been used to prepare RF gels, however, their use has been 61 limited in comparison to the Group I metals. 15, 16 Use of a Group II metal carbonate results in 62 larger pore sizes than an equivalent base concentration of Group I carbonate, a phenomenon 63 attributed to electrostatic effects as a result of the differing cation charges. 13 However, a 64 much more limited understanding of the gelation process in the presence of a Group II 65 carbonate is available. 66
The addition of an acid or base, and the accompanying pH change has been widely 67 recognized as highly influential in the gel formation process, 9, 10 and as such, only a limited 68 range of pH values will produce a viable gel structure. For bases, this lies between pH 5.5 and 69 7.5, 10, 17 while for acids the range falls between pH 1 and 4. 18, 19 Out with these regions, the 70 gel formed will be non-porous (> 7.5) 20 or take too long to form (4 -5.5). 18 Alternatively, too 71 acidic an initial value, i.e. pH < 1, will cause the precipitation of reactants before a gel can 72 form. 10 Initial pH is, therefore, controlled by altering the amount of acid or base added, with 73 this value typically expressed as a molar ratio of resorcinol to 'catalyst' (R/C), with lower 74 ratios corresponding to higher catalyst concentrations. For Na 2 CO 3 , R/C values will typically 75 fall between 50 and 3000, with concentration influencing the porous properties of the final 76 gel.
9, 10 An increase in R/C leads to an increase in pore size, as a result of a reduction in the 77 number of clusters formed, and which can subsequently grow to larger sizes. 78
Lambert et al. and Laskowski et al. investigated double catalyzed RF gel formation. 21, 22 . 79
Initially, the gel was catalyzed using a base, before an acid was added part way through the 80 gelation process, causing a significant reduction in gel time due to additional promotion of 81 the polymerization and cross-linking processes. However, both studies found that this 82 synthesis produced very broad pore size distributions, stretching from approximately 10 nm 83 to 100 nm. 84
Feng et al. studied the dual catalyst process further, by also investigating a base-base route 85
and comparing this to a standard single catalyzed gel. 23 In agreement with the works of 86
Lambert et al. 21 and Laskowski et al., 22 the addition of an acid produced a broadening of the 87 pore size distribution. Interestingly, the addition of second quantity of base also caused a 88 broadening of the distribution, whilst simultaneously shifting the distribution to a larger 89 average pore size. 90
Dynamic Light Scattering (DLS) has been used to study the formation RF gels. 8, 24 In 91 agreement with Gaca et al., 25 we previously found that cluster growth rate was 92 thermodynamically driven, being independent of catalyst concentration for lithium, sodium 93 and potassium carbonate, while the catalyst concentration determines the number density of 94 clusters through kinetic means. 25 Hence, high R/C values produce a lower number 95 necessary to form a gel. 97
The aim of this work was to study the formation of RF gels when catalyzed using a Group II 98 metal carbonate, allowing comparison with previously obtained results using Group I metal 99 carbonate catalysts. Furthermore, the effect of secondary addition of a Group I metal 100 carbonate, added to gelling systems initially catalyzed by either a different Group I, or Group 101 II, metal carbonate was also studied. Secondary addition occurred at various times throughout 102 the gelation process, and in such quantities as to give fixed R/C compositions across the 103 range of catalyst combinations used. The gelation process was monitored using DLS, with 104 final gels characterized using low temperature nitrogen sorption measurements, providing 105 information on the textural properties of the samples prepared. The formation process and 106 textural properties of the mixed catalyst systems could then be compared with typical RF 107 gels, synthesized using a single Group I or Group II metal carbonate catalyst. 108
Experimental 109

Materials and Synthesis 110
Resorcinol (ReagentPlus, 99 %), aqueous formaldehyde solution (37 wt. % formaldehyde, 111 stabilised with 10-15 % methanol), Na 2 CO 3 (anhydrous, ≥ 99.5 %), cesium carbonate 112 (Cs 2 CO 3 , ReagentPlus, 99 %), calcium carbonate (CaCO 3 , ≥ 99 %) and barium carbonate 113 (BaCO 3 , ACS reagent ≥ 99 %) were used as purchased from SigmaAldrich UK. 114 RF solution compositions were determined by fixing the molar ratio of resorcinol to 115 formaldehyde (R/F) at 0.5, the total solution volume at 60 mL and the total solids content at 116 20 % weight by volume, resulting in a constant solids mass of 12 g. As the R/C and chosen 117 metal carbonate changed, the individual masses of R, F and C were adjusted, accordingly, to 118 maintain a total solids mass of 12 g. All preparations were carried out at room temperature. 119
For gels made using single Group II metal carbonate catalysts, R/C values of 100 and 200 120 were used. For mixed systems with two metal carbonate catalysts, these were combined in a 121 molar ratio of 50:50. The initial system was prepared with an R/C ratio of 200, which 122 following the addition of the secondary catalyst (also at R/C 200), resulted in an overall R/C 123 of 100. 124
For reactions using either a single carbonate catalyst, or simultaneous addition of two 125 carbonate catalysts, the required mass of resorcinol was completely dissolved in 50 mL of 126 deionised water (Millipore Elix 5) in a 500 mL sealable jar under magnetic stirring. The 127 appropriate mass of carbonate(s) was added to this solution with continued stirring until 128 complete dissolution was again achieved. As both calcium and barium carbonate have very 129 low solubilities in water, 16 , 26, 27 complete dissolution was not possible, even with the small 130 quantities used. These solutions were, therefore, left to stir for 5 minutes before proceeding. 131
The required volumes of formaldehyde solution and additional deionised water were added to 132 the jar to give a total volume of 60 mL. The reaction vessel was sealed and allowed to stir 133 continuously for 30 min, after which it was transferred to a preheated oven set to 85 ± 5 °C 134 until gelation occurred. Gelation times were monitored by periodically tilting the jars to an 135 angle of 45° until no flow was observed. The gels were left to cure in the oven, with the 136 temperature maintained at 85 ± 5 °C. 137
The production of gels utilising the secondary addition of metal carbonate required a 138 modification to the synthesis procedure described above. Resorcinol and the primary 139 carbonate were dissolved in 40 mL of deionised water, while the other 10 mL was used to 140 dissolve the secondary metal carbonate in a second, smaller vial. Formaldehyde and7 additional water were added as before, to the resorcinol/primary carbonate mixture, and the 142 RF solution stirred for 30 min. The sample was placed in the oven (85 ± 5 °C) along with the 143 secondary carbonate solution container. At a predetermined point during the gelation process 144 of the RF system, both containers were removed from the oven and the secondary carbonate 145 solution added to the main RF reaction jar. The mixture was stirred for 30 seconds to ensure 146 thorough mixing and then returned to the oven to complete the gelation and curing steps. 147
After remaining in the oven to gel and cure for a further 3 d, the gels were removed and 148 allowed to cool. The aqueous pore liquid was exchanged for acetone by shaking the sample in 149 180 mL of acetone (ACS reagent, ≥ 99.5%, SigmaAldrich) for 3 d at room temperature. The 150 samples were finally dried under vacuum for 2 d at 85 °C to produce the xerogel product. 151
Xerogel Characterisation 152
Each dried xerogel was characterised using nitrogen sorption measurements (Micromeritics 153 The resulting nitrogen uptake isotherms were analysed using Brunauer-Emmett-Teller (BET) 159 theory, 28 applied to the adsorption branch: a linear plot analysed using relative pressures 160 (p/p 0 ) in the range 0.05 and 0.3, allowed for the calculation of the BET surface area (S BET ). 161
Pore size distributions were determined using the Barrett-Joyner-Halenda (BJH) method, 29 162 applied to the desorption branch, which also allowed calculation of average (mean) pore 163 sizes. It is known that the pores within these RF materials are not cylindrical, and the BJH 164 model cannot, therefore, strictly be applied to calculate the size of pores detected. However,8 no other practical method of pore size determination is available, and use of the BJH method 166 is prevalent throughout the literature with respect to RF gel pore size determination. 167
Dynamic Light Scattering 168
All DLS measurements were performed on an ALV/CGS-3 compact goniometer and 169 ALV/LSE-5004 multiple tau digital correlator. Measurements were taken using a laser 170 wavelength, , of 632.8 nm and a scattering angle, , of 90°.
171
Samples prepared using either a single metal carbonate or simultaneous addition of two metal 172 carbonates were analysed using the same experimental procedure. 11 equal portions of the RF 173 solution, prepared as per the method outlined above, were passed through a 0.2 m pore size 174 PTFE syringe filter (Whatman Puradisc) into separate borosilicate glass cells (10 mm 175 diameter, 75 mm height, Fisher Scientific). Each cell was sealed with a cap, and 10 were 176 placed in an oven at 85 ± 5 °C. The remaining cell, designated t = 0, was analysed 177
immediately. Subsequent cells were removed from the oven after an appropriate time 178 interval, whereupon they were rapidly quenched to 22 °C in a climate controlled room. 179
Samples produced using secondary addition of carbonate required a modification to the 180 analysis procedure. Before secondary addition, the primary carbonate solution was analysed 181 as described above. Post addition, small volumes of the newly mixed solution were 182 transferred into further glass cells and returned to the oven, before removal, quenching and 183 analysis, as before, at appropriate time intervals. 
191
For all calculations,  was assumed to be that of pure water at the experimental temperature 
s). 193
Results and Discussion 194
Gelation times were determined for gels synthesized using either a single metal carbonate, or 195 the simultaneous addition of two metal carbonates, making use of the tilt method. Gels were 196 checked periodically in the initial stages of reaction, and then every 30 s as gelation 197 approached, as indicated by a visible increase in viscosity. Samples were said to have gelled 198 when no flow was detected when sitting at a 45° angle. These newly determined values were 199 then compared with those previously obtained for gels made with Group I metal carbonates. 200
It was found that, for an equivalent R/C, both CaCO 3 and BaCO 3 exhibited equal gelation 201 times: 40 min for R/C 100 and 45 min for R/C 200. Furthermore, it was found that 202 simultaneous combination of Cs 2 CO 3 and Na 2 CO 3 , both Group I catalysts, with a total R/C of 203 100, gave a gelation time of 35 min -identical to those of the individual metal carbonates. It can be seen that all four Group II metal carbonate catalyst samples exhibit primary cluster 233 sizes that fall into a narrow overlapping band, in a manner similar to the results previously 234 obtained for Group I carbonates (Li, Na and K).
8 However, the radii obtained here are much 235 larger than those observed for the Group I catalysts. It is worth noting that, despite the 236 difference in R/C ratio, the maximum observed hydrodynamic radius obtained is very similar 237 in each case. This is in contrast to the results for the Group I catalysts, where increasing R/C 238 lead to an increase in observed maximum cluster size. However, the limited water solubility 239 of the Group II carbonates must be taken into account. With water solubilities of 0.0015 240 g/100 ml and 0.00141 g/100 ml at 25 °C for calcium and barium carbonate respectively, 33 at 241 the catalyst concentrations used for these samples, the saturation limit is far exceeded, with 242 the remaining undissolved solid remaining as visible sediment within the reaction vessel. 243
During filtration prior to DLS analysis, any undissolved catalyst particles larger than the 244 0.2m filter pore size will be removed from the system and in turn, it is unlikely any smaller 245 particles are passing through the filter, as these would be clearly visible in the autocorrelation 246 functions acquired. As such, for a given catalyst, the analyzed samples are likely to be a 247 saturated solution of equivalent catalyst concentration, irrespective of the initial R/C chosen. 248
Nevertheless, the increased cluster size, in conjunction with the lack of secondary decay, 249 supports the theory that rather than aggregating and networking during the gelation phase, 250 primary clusters grow continuously to larger sizes until the critical gelation volume fraction is 251 reached and the gel is formed. The curing phase sees cross-linking and networking into a 252 solid 3D framework. 253 Figure 3 shows both the adsorption/desorption isotherms and pore size distributions for the 254 Group II metal carbonate catalyst samples. The N 2 isotherms show considerably greater 255 uptakes than those previously observed for Li, Na and K carbonate at the corresponding R/C 256 ratio.
8 While the uptakes for Cs 2 CO 3 are closer to those of the Group II metal carbonate 257 catalysts, the increase is still significant. Average pore sizes follow a similar trend to the 258 Group I catalyst systems, increasing as the added catalyst concentration is reduced. 259
Congruent with the N 2 uptakes, the average pore sizes are also much larger in the presence of 260 a Group II metal carbonate when compared to the Group I analogues. As the pores within an 261 RF gel network are comprised of the gaps between clusters, the larger pores provide further 262 evidence that clusters grow to much larger sizes, pack less tightly, and result in larger 263 intercluster voids for the Group II catalyzed samples. 264
These pore size results are in contrast to the cluster sizes observed during DLS 265 measurements. However, there may be a number of factors to explain why this is the case. As 266 previously explained, the samples grew turbid as the heating times increased and, as such, it 267 was not possible to continue to analyze samples using DLS past this point. It is entirely 268 possible that the clusters continue to grow beyond the final sizes observed, resulting in 269 different structures and correspondingly different pore sizes. Additionally, the remaining 270 catalyst present may play a complex role in the final structure formation. The ever changing 271 conditions within the reaction vessel are likely to alter the solubility of the catalysts, with it 272 being known that increased temperature adversely affects the solubility. 26, 27 Combined with 273 the proceeding reaction between R and F, the levels of Ca 2+ or Ba 2+ cations may well differ 274 depending on initial R/C, resulting in the differences in pore sizes that are observed. 275 Figure 4 shows the hydrodynamic radii obtained for each combination of primary cation 291 when mixed with Na 2 CO 3 at the selected time interval. Due to the development of secondary 292 decays for Cs 2 CO 3 samples, and turbidity effects for CaCO 3 and BaCO 3 samples, only 293 experimental runs with simultaneous addition, and addition at 60 % of the primary gel time, 294 yielded accurate hydrodynamic radii data. Other additions before 60% of the gelation time 295 had passed were not conducted, due to the lack of cluster growth observed at shorter times. 296 Figure 4a details the results of the combined Cs 2 CO 3 /Na 2 CO 3 systems. It is clear to see how 297 different the cluster sizes are when using solely Na 2 CO 3 or Cs 2 CO 3 as the catalyst, with the 298 observed for the single catalyst systems, with both catalysts playing a role in the cluster 301 formation process. In contrast, delayed addition of Na 2 CO 3 at 60% shows a much altered 302 growth profile. In the initial stages, i.e. before secondary addition, cluster growth follows that 303 of the Cs 2 CO 3 catalyzed system, as would be expected. However, immediately post addition 304 there is a significant decrease in the observed cluster size. This is followed by limited 305 regrowth of the clusters before the onset of networking and aggregation. Secondary addition 306 is, therefore, causing a marked modification of the gelation process. 307
Both the CaCO 3 /Na 2 CO 3 and BaCO 3 /Na 2 CO 3 mixed systems exhibit comparable results, with 308 noticeable differences to the Cs 2 CO 3 /Na 2 CO 3 system. In the case of simultaneous addition of 309 the two catalysts, cluster sizes closely follow those of a pure Na 2 CO 3 system at R/C 200. This 310 corresponds to the concentration of Na 2 CO 3 present in the mixed catalyst system, suggesting 311 that it plays a dominant role during gelation, with the Group II catalyst having very little 312 influence on the process. With delayed addition of the Na 2 CO 3 , pre-addition cluster growth 313 again follows the growth profile exhibited by the primary carbonate catalyst. On addition of 314 the Na 2 CO 3 there is a reduction in cluster size, however, this is not as significant as that 315 witnessed with the Cs 2 CO 3 /Na 2 CO 3 system. Following addition, the clusters again regrow, 316 with the size reached before networking and aggregation being comparable to those seen 317 immediately prior to addition. It is also clear that delayed addition of Na 2 CO 3 to any of the 318 primary catalyst systems results in final cluster sizes much smaller than those observed 319 through the use of just the primary catalyst, approximately halving in the case of Cs 2 CO 3 and 320 falling to almost one third for the Group II catalysts. This suggests that the Na 2 CO 3 is again 321 playing a dominant role in the formation of these RF gels. 322
Further evidence of the dominance of the Na 2 CO 3 on cluster growth can be seen from the 323 autocorrelation functions, in particular those of the CaCO 3 and BaCO 3 systems. Where the (Figure 1) , addition of the Na 2 CO 3 to the system causes secondary decays to once more 326 develop near gelation, as was observed for all single Group I catalyst samples. An example 327 set of Group II/Group I secondary addition autocorrelation functions are given in the S.I. 328
Close examination of the autocorrelation functions also reinforces the interpretation of cluster 329 size decreasing on addition of Na 2 CO 3 . DLS measures the average size of clusters, such that 330 the introduction of an additional new species of small cluster would cause a reduction in the 331 average cluster size. However, the profile of the first post-addition sample maintains a purely 332 exponential decay, indicative of a predominantly monodisperse sample of smaller clusters. 333
An example of this monodispersity is shown in the S.I. 334
Figures 5 and 6 show the nitrogen sorption isotherms, and pore size distributions, 335 respectively, obtained for the three primary catalysts with secondary addition of sodium 336 carbonate simultaneously, and at 60, 70 and 80 % of the primary gel time. Single catalyst 337 data for primary and secondary species are once more included for reference. Analysis of this 338 data further reinforces the dominant role of Na 2 CO 3 during gel formation. As can be seen 339 from Figure 5 , there is a distinct clustering of the isotherms for all of the systems, centering 340 on that of Na 2 CO 3 at R/C 200. Only addition at 80 % of the primary gel time does the 341 isotherm deviate from this clustering, moving closer to that of the primary system. This 342 change results in greater nitrogen uptake and shifting of the hysteresis loop to higher relative 343 pressures, indicating an increase in both average pore size and total pore volume. The pore 344 size distributions obtained (Figure 6 ) back up these observations, with the distributions for 345 simultaneous, 60 % and 70 % addition again grouped around those of the Na 2 CO 3 gels. 346
Meanwhile, addition at 80 % gives rise to larger average pore sizes. 347 Table 3 provides further textural properties of the mixed catalyst systems, again consisting of 348 can be grouped in terms of surface area, pore volume and average pore size, with values 350 comparable to those of the pure Na 2 CO 3 gels as opposed to those of their respective primary 351 catalyst. As was the case for the isotherms and pore size distributions, samples with addition 352 at 80 % of the primary gel time show meaningful differences in these properties, with 353 increased average pore size and decreased surface area, that while still greatly different, move 354 the properties of the 80 % gels closer to the primary samples. 355
As a reference, secondary addition of Na 2 CO 3 to a parent Na 2 CO 3 gel was also performed, to 356 further examine the interactions between metal carbonate additions. The results for these 357 systems can be found in the Supplementary Information. In this case, there is very little 358 difference in the properties of the gels, irrespective of when the secondary addition is carried 359 out. 34 However, this is not unexpected, as the catalyst combination effectively transforms the 360 initial Na 2 CO 3 R/C 200 system into a R/C 100 system, and the properties follow this trend, 361 being highly similar to those of a conventionally produced R/C 100 gel. 362
Collective consideration of these results shows potential routes towards tuning the pore size 363 of the xerogels, while keeping the total ionic strength constant. This contrasts with the most 364 common method of inducing such control, i.e. altering the R/C ratio. Constant ionic strength 365 may be of importance in situations such as incorporating biological elements into the gel 366 structure that would be sensitive to change. Furthermore, the gels demonstrating similar 367 average pore sizes and total pore volumes to those of the sodium carbonate catalyzed gels 368 display much narrower distributions. This implies less disperse porosity, with more pores of 369 the same size, making the material more ordered. 370
The average pore sizes obtained in this work contrast with the study of Feng et al., 23 who 371 observed an increase in average pore size and widening of the pore size distribution on 372 secondary base addition. The Dollimore-Heal method 35 Nevertheless, the secondary addition results here show that, even at times approaching 80 % 379 of the initial primary gel time, when cluster growth is significant, and structure formation is 380 well underway in the case of Cs 2 CO 3 , it is still possible to manipulate these processes to a 381 significant degree. This suggests that even at this time there is still free unreacted material (be 382 it resorcinol, formaldehyde, hydroxymethyl derivatives or oligomeric chains) available to 383 participate in the reaction and contribute to the gel network. This is especially the case of 384 Cs 2 CO 3 as the primary cation. Previous work has established that, by 70 % of the gel time, 385 aggregation and networking of primary clusters has begun. Even so, the addition of Na 2 CO 3 386 during this period is still capable of disrupting the process to a discernible degree, forcing 387 reorganization of the structure before the irreversible cluster aggregation can be completed. 388
However, by 80 % of the gel time, aggregation of primary clusters is well established, and the 389 process is more difficult to disrupt, giving gel properties closer to the initial primary catalyst 390 gel than the other combinations studied. This apparent reversibility provides evidence that the 391 primary clusters are not composed of a single oligomeric/polymeric molecule or chain. As the 392 introduction of a salt would not cause the breakdown of these polymerized species, there 393 must be a degree of physical interaction between multiple chains, which in turn form the 394 clusters. When the new salt is added, these physical interactions are disrupted; the chains are 395 rearranged in solution and the observed cluster size changes. 396
In a previous study, 8 we have proposed a Hofmeister like series placing the four Group I 397 metal cations used in order, relative to the average size of RF cluster produced by each 398 system, such that: 399 Li ≈ Na ≈ K < Cs 400
From the results presented in this work, we can expand this series to include the newly 401 acquired data from Group II metal cations, and their respective cluster sizes: 402 Li ≈ Na ≈ K < Cs < Ca ≈ Ba 403
Compared with the established Hofmeister series, Cs appears out of position. 36 The 404
Hofmeister series was developed according to the interactions between the various cations 405 and protein molecules in aqueous solution. The RF oligomers that form during gelation will 406 be large and complex macromolecules with both hydrophobic and hydrophilic regions, 407 therefore, the interactions with the various cations may qualitatively be similar to the proteins 408 studied during development of the Hofmeister series. Cations with high charge densities (i.e. 409 small cations with a large charge, e.g. Ca 2+ ) lead to a disruption of the hydration layer around 410 the protein molecule, leading them to be salted out. In contrast, low charge density cations 411 (large cations with a small charge, e.g. Cs + ) can enhance the hydration layer and keep the 412 proteins dispersed in solution. As a result, it would be expected that Cs would produce the 413 smallest clusters of any of the cations studied. 414
However, it may be that these small clusters are actually forming, but their presence is 415 disguised. The rapid increase in cluster size observed for Cs 2 CO 3 catalyzed systems may be 416 indicative of coalescence or a self-assembly mechanism of smaller clusters. Much larger than 417 expected clusters would therefore be seen using DLS. This observation is supported by the 418 secondary addition of Na 2 CO 3 as studied in this work. When Cs 2 CO 3 and Na 2 CO 3 are addedrapid size increase of the clusters coming together is not witnessed. Similarly, when the 421 Na 2 CO 3 is added during gelation, the Na starts to interact with the clusters. The many 422 oligomers that compose the clusters are again unlikely to be chemically bound, and the 423 interactions between the oligomers and the surrounding environment will change, resulting in 424 the clusters rearranging into smaller individual units. 425
In the case of both CaCO 3 and BaCO 3 the increased charge density imparted by the 2+ charge 426 disrupts the hydration layer surrounding the RF oligomers. This leads to hydrophobic 427 interactions and loose packing of these oligomers into clusters. As a result, cluster sizes are 428 larger than those observed for the Group I catalysts. By introducing Na 2 CO 3 into the system, 429 cation-oligomer interactions are altered and this appears to restore the hydration layer to 430 some extent. Simultaneous addition then indicates that the layer is not disrupted, and the 431 clusters, therefore, have size similar to those if only the Na were present. With delayed 432 addition, the hydration layer is initially disrupted, leading to the loosely packed oligomers. 433
However, on addition of the Na 2 CO 3 , the hydration layer is partially restored, reducing the 434 hydrophobic effect and allowing the oligomers to pack more tightly. As a result, the size of 435 the clusters decreases and the newly added Na prevents further growth to very large sizes, 436 giving final cluster sizes much smaller than those expected with just the Group II catalysts. 437
It can also be considered that the cations present within the system can be classified as Lewis 438 acids. According to Pearson's theory of hard and soft acids and bases, both Na + and Ca 2+ can 439 be classified as hard acids, while Cs + is a soft acid. 37 Likewise, regions of the newly formed 440 oligomers can be similarly classified, with hydroxyl groups being hard bases, and aromatic 441 rings being soft bases. 37 As 'like prefers like' with regards to these species, it is possible that 442 the different cations will interact differently with the oligomers, influencing their structure, 443 and consequently, their size. This would go some way to explaining the disparity betweengels containing Na and Cs. However, as both Na + and Ca 2+ are both hard acids, it cannot fully 445 explain the vast differences in formation and structure observed for these systems. 446
Nevertheless, this cluster growth process can be depicted schematically, as shown in Figure  447 7. For clarity, the clusters are depicted as spherical as the exact shape and internal structure of 448 the clusters is not yet known. 449
By controlling the interaction between the RF oligomers and the cations present it is, 450 therefore, possible to control the final pore size in dried xerogels, while maintaining a 451 constant R/C and therefore constant ionic strength. Additionally, the narrowing of the pore 452 size distribution, indicative of more ordered materials, resulting from using mixed catalysts 453 may be highly advantageous for the applications of RF xerogels, e.g. in gas separation 454 processes. 455
Conclusions 456
Gels were prepared using a mixture of two catalysts; a primary metal carbonate chosen from 457 caesium, calcium or barium carbonate, and a secondary carbonate, the choice being sodium 458 carbonate. The latter was added at various time intervals within the primary carbonate 459 gelation period, and gels were analysed using DLS, in conjunction with textural 460 measurements to monitor the changes induced by differing catalyst combinations and 461 addition times. Equal concentrations of both primary and secondary carbonates, i.e. a 50:50 462 molar ratio, were used for all combinations. With a Group II carbonate and sodium carbonate, 463 simultaneous addition gave primary cluster sizes congruent with only the sodium carbonate 464 being present at all times, with delayed addition of the sodium carbonate resulting in 465 significant reduction in size of primary clusters upon addition of the secondary carbonate. In 466 almost all cases, the textural properties of the dried gel reflected those of the corresponding 467 sodium carbonate gel prepared with half the total catalyst content (i.e. R/C 200). Onlyaddition of the secondary carbonate at 80% of the parent gel time resulted in significantly 469 modified properties, with an increase in pore diameter, as there was little unreacted material 470 with which to form clusters, resulting in larger intercluster voids and correspondingly larger 471 pores. By contrast, an equal molar ratio of caesium and sodium carbonates produced 472 intermediate cluster sizes on simultaneous addition, while delayed addition of sodium 473 carbonate once again resulted in significant reduction of size of the primary clusters. These 474 results indicate that it is possible, by careful selection of the catalyst combination, and 475 addition time, to fine tune the porous texture of RF xerogels. We note that this can be 476 achieved while also maintaining total ionic strength, which is important for key applications, 477 especially involving biological systems, such as bone scaffolding. 38 Overall, the small 478 average pore sizes associated with high concentrations of sodium carbonate can be retained 479 while narrowing the pore size distribution, resulting in greater regularity of the structure, 480 while increasing the total pore volume of the system. 481
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